Single-phase CuAlO 2 films were successfully prepared by thin-film reaction of an Al 2 O 3 /Cu 2 O/sapphire sandwich structure. We found that the processing parameters, such as heating rate, holding temperature and annealing ambient, were all crucial to form CuAlO 2 without second phases. Thermal annealing in pure oxygen ambient with a lower temperature ramp rate might result in the formation of CuAl 2 O 4 in addition to CuAlO 2 , since part of Cu 2 O was oxidized to form CuO and caused the change in reaction path, i.e. CuO + Al 2 O 3 CuAl 2 O 4 . Typical annealing conditions successful to prepare single-phase CuAlO 2 would be to heat the sample with a temperature rampt rate higher than 7.3 o C/sec and hold the temperature at 1100 o C in air ambient. The formation mechanism of CuAlO 2 has also been studied by interrupting the reaction after a short period of annealing. TEM observations showed that the top Al 2 O 3 layer with amorphous structure reacted immediately with Cu 2 O to form CuAlO 2 in the early stage and then the remaining Cu 2 O reacted with the sapphire substrate.
Introduction
Recently, wide bandgap oxide semiconductors have attracted much attention for their applications in optoelectronic devices such as UV diodes [1], gas sensors [2] , transparent thin film transistors [3] and photovoltaic devices [4] . To form all oxide semiconductor devices, an oxide material with p-type conductivity is necessary. A few p-type oxide semiconductors have been identified, including CuAlO 2 [5] , SrCu 2 O 2 [6] , LaCuOSe [7] and Asdoped ZnO [8] . Among them, CuAlO 2 is a good candidate because of its p-type conductivity without intentional doping and the abundance of the constituent elements. However, the preparation of single-phase CuAlO 2 is difficult when using various film deposition techniques. Second phases such as Cu 2 O, Al 2 O 3 and CuAl 2 O 4 were found in the CuAlO 2 films grown by chemical vapor deposition (CVD) [9] and reactive sputtering [10] . CuAlO [11] . In this article, we describe how to prepare CuAlO 2 without second phase with suitable annealing conditions. In addition, formation mechanism of CuAlO 2 has also been studied.
Experimental Procedures
Thin films of CuAlO 2 were prepared by the deposition of Cu 2 O and Al 2 O 3 precursor films on (0001) sapphire and followed by rapid thermal annealing (RTA) above 1000 o C to promote the formation of CuAlO 2 through the reaction of Cu 2 O and Al 2 O 3 . Since Cu 2 O was turned into liquid phase and could form liquid droplets on the substrate during the annealing process, a thin Al 2 O 3 layer coated on Cu 2 O was thus necessary to preserve a continuous Cu 2 O film for successful thin-film reaction. The precursor films of Cu 2 O and Al 2 O 3 were deposited subsequently by reactive magnetron sputtering in an Ar/O 2 gas mixture without intentional substrate heating. Cu and Al metal targets with 5N purity were used in our experiments. The sputter chamber was evacuated to 1x10 -6 torr and then back filled a gas mixture of Ar and O 2 (4%) to a vacuum pressure of 5x10 -3 torr. In order to clarify the mechanism of CuAlO 2 film formation, we studied the effect of annealing ambient (air, pure oxygen or vacuum) and annealing conditions (heating rate and holding temperature) on the preparation of CuAlO 2 films. We also conducted some experiments by interrupting the reaction after a short period of annealing. Since the reaction was not completed, the RTA furnace was evacuated during the cooling stage to avoid oxidation of the unreacted Cu 2 O.
The second phases (such as CuO, Cu 2 O and CuAl 2 O 4 ) and the crystal structure of CuAlO 2 were examined by a Siemens D5000 X-ray diffractometer (XRD). The microstructures of the films were revealed by a FEI Technai F20 field-emission transmission electron microscope (TEM). The samples for TEM observation were thinned by ion milling equipped with a liquid-nitrogen-cooled cold stage. Chemical bonding configuration in the film was studied by a JEOL JPS-9010 MX X-ray photoelectron spectroscope (XPS).
Results and Discussion
A series of annealing experiments were conducted in various ambient and heating conditions. Figure 1 shows XRD data of CuAlO 2 thin films prepared in different gas ambient. Other annealing conditions such as the heating rate, annealing temperature and annealing time were all kept at 7.3 o C/sec, 1100 o C and 50 min, respectively. As can be seen, the oxygen content in the ambient plays an important role for the successful synthesis of CuAlO 2 . Thermal annealing in pure oxygen may further oxidize the Cu 2 [12] , and totally inhibits the reaction to form CuAlO 2 . A similar finding was reported for the interface reaction of Cu/Al 2 O 3 by Fujimura et al [13] . Thus, according to the experiment on annealing in different ambients and at different temperature ramp rates, the rapid ramp rate prevents Cu 2 O to be oxidized to CuO during temperature increase and avoids the formation of CuAl 2 O 4 .
In addition to XRD, the identification of second phases was also done by XPS where the variation of binding energy (BE) between second phases and CuAlO 2 can be detected. Figure 3 shows that no satellite peak ("shake up" peak at around 943 eV) The interfacial structure of a fully reacted sample without any detectable second phase was observed in a TEM. This sample was prepared by rapid thermal annealing (heating rate: 7.3 o C/sec) at 1100 o C in air for 60 min. Figure 4 shows a high-resolution TEM lattice image revealed the CuAlO 2 /(0001)sapphire interface. The lattice images were taken along 11 2 0 sapphire and 1010 sapphire zone axis, respectively. We see that the (0001) basal plane of the CuAlO 2 layer is parallel to the (0001) basal plane of sapphire. There is no grain boundary or other planar defect found in the CuAlO 2 layer. To study the formation mechanism of CuAlO 2 , we intend to lower the annealing temperature and interrupt the annealing process and exam the partially reacted sample. Three samples were prepared by thermal annealing in air ambient with a temperature ramp rate of 7. 
Conclusions
CuAlO 2 can be prepared by thin-film reaction of an Al 2 O 3 /Cu 2 O/sapphire sandwich structure. The processing parameters crucial to obtain single-phase CuAlO 2 are the oxygen content in an annealing ambient, the annealing temperature and the heating rate. Reaction paths may vary as the processing parameters are changed. Typical annealing conditions successful to prepare single-phase CuAlO 2 should be to raise the temperature with a heating rate higher than 7.3 o C/sec and keep the temperature at 1100 o C in air ambient. Otherwise, it could cause the transformation of Cu 2 O into CuO and produce CuAl 2 O 4 as a second phase. Both XRD and XPS analyses were used for phase identification and no second phase was detected in a completely reacted sample.
Some experiments were conducted to study the formation mechanism of CuAlO 2 during the annealing process. TEM observations showed that the top Al 2 O 3 layer with amorphous structure reacted immediately with Cu 2 O to form CuAlO 2 in the early stage and then the remaining Cu 2 O reacted with the sapphire (0001) substrate.
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